The physiologically indispensable chloride channel (CLC) family is split into two classes of membrane proteins: chloride channels and chloride/proton antiporters. In this article we focus on the relationship between these two groups and specifically review the role of protons in chloride-channel gating. Moreover, we discuss the evidence for proton transport through the chloride channels and explore the possible pathways that the protons could take through the chloride channels. We present results of a mutagenesis study, suggesting the feasibility of one of the pathways, which is closely related to the proton pathway proposed previously for the chloride/proton antiporters. We conclude that the two groups of CLC proteins, although in principle very different, employ similar mechanisms and pathways for ion transport.
INTRODUCTION
Ion channels and secondary active transporters traditionally have been considered as two distinct classes of membrane proteins. This is reasonable. Ion channels form passive pores: they allow ions to move down (and only down) their electrochemical gradient. Secondary active transporters, on the other hand, use the energy derived from the movement of one ion down its electrochemical gradient to catalyse uphill movement of another ion. This cannot be accomplished by a passive pore, but requires active coupling of protein conformational changes to ion binding and transport.
Therefore, it was shocking to discover that more than half of the CLC 'ChLoride Channel' family members are not channels but rather are secondary active transporters (antiporters) (Accardi & Miller 2004; Picollo & Pusch 2005; Scheel et al. 2005; DeAngeli et al. 2006; Graves et al. 2008) . Instead of facilitating Nernstian movement of chloride, these antiporter homologues catalyse the stoichiometric exchange of two chloride ions for one proton (Accardi & Miller 2004; DeAngeli et al. 2006; Graves et al. 2008) .
The CLC channels and antiporters share a number of basic features: (1) structural architecture, (2) anion selectivity, (3) the existence of two 'gates', (4) strong modulation by both chloride and protons (Pusch 2004; Chen 2005; Dutzler 2006; Miller 2006; Matulef & Maduke 2007; Jentsch 2008) . These similarities strongly suggest that the fundamental difference between the CLC channels and antiporters does not arise from differences in basic design. Indeed, we hypothesize that the conformational changes involved in channel gating are similar to those involved in antiporter catalysis, and that the key difference between the channels and antiporters lies in the energetics and coupling of the conformational changes.
Conformational changes in both the CLC channels and antiporters are strongly modulated by chloride and protons. For the antiporters, such modulation is expected: the energy of ion binding and transport is used to drive the conformational changes involved in coupling. For the channels, such modulation is a profound indicator of their antiporter ancestry. The focus of this paper is to elucidate the relationship between CLC channels and antiporters by comparing the role of protons in these proteins.
PROTON TRANSPORT IN CLC-ec1
The high-resolution structure of the ClC-ec1 chlorideproton antiporter provides a foundation for envisioning proton movement in the CLCs (Dutzler et al. 2003) . Ideally, such a structure would reveal an unbroken chain of titratable residues and/or water molecules leading entirely through the protein. Unfortunately, the spacing of titratable residues is discontinuous, and water molecules are not sufficiently resolved. Nevertheless, the structure has yielded some very important clues. The most obvious is E148, a glutamate residue positioned directly along the chloride-permeation pathway, at the extracellular face of the protein (figure 1). Mutation of this glutamate (referred to as 'Glu ex ', (Miller 2006) ) abolishes both proton transport and proton activation in ClC-ec1 (Accardi et al. 2005) . Together with the structure, this result strongly suggests that the chloride and proton permeation pathways converge at this extracellular position in the antiporter. Importantly, this glutamate residue is conserved in most of the CLC channels.
There are numerous (more than 50) other candidate titratable residues in the membrane domain of ClCec1. Although effects of mutation at all of these residues have not yet been functionally examined, a screen of all of the intra-cellularly positioned glutamate and aspartate residues revealed a second key glutamate residue, E203, mutation of which abolishes chloride-coupled proton transport (Accardi et al. 2005) . In contrast to Glu ex , this glutamate (aka 'Glu in ') is positioned away from the Cl K permeation pathway, and is not conserved in the CLC channels (figure 1).
CLC CHANNEL GATING
At first glance, CLC channel gating appears to be completely idiosyncratic: ClC-0 and ClC-1 (the skeletal-muscle CLCs) are depolarization activated; ClC-2 (expressed ubiquitously) is hyperpolarization activated; and the ClC-K homologues (specific to the kidney and inner ear) are essentially voltage independent. While the differences are not yet completely understood, the extracellular 'glutamate gate' residue is central. This residue, equivalent to Glu ex in ClC-ec1, is thought to act as a physical 'gate' blocking Cl K permeation to and from the extracellular side. In ClC-0, 1 and 2, mutation of this residue abolishes voltage-dependent gating of the pores (Dutzler et al. 2003; Estevez et al. 2003; Niemeyer et al. 2003; Traverso et al. 2003; deSantiago et al. 2005) ; in ClCKa and -Kb, this residue is a valine (Kieferle et al. 1994) , consistent with its voltage-independent gating.
Our understanding of CLC channel gating has been most advanced by studies on the Torpedo ClC-0, because it is the only family member currently amenable to detailed single-channel analysis. The remainder of this review will focus on this homologue together with its closest mammalian relative, ClC-1. In ClC-0 and ClC-1, two modes of gating have been described: in addition to the Glu ex -mediated gating of the channel pore (referred to as 'fast gating'), there is a second mechanism that acts on both the pores simultaneously and probably involves a large conformational change (Miller & White 1984; Pusch et al. 1997) . This 'slow gating' mechanism is most readily appreciated for ClC-0, where it is observed at the single-channel level (figure 2). The 'slow' and 'fast' gating mechanisms also operate in ClC-1, although in this case the kinetics of the two processes are similar. Therefore fast and slow gating are also referred to as 'protopore' and 'common' gating.
VOLTAGE AND CHLORIDE DEPENDENCE OF FAST GATING
ClC-0 fast gating is weakly voltage dependent, with an apparent gating charge of approximately 1. In addition, the position of the voltage-activation curve is strongly modulated by changes in the extracellular chloride concentration (Pusch et al. 1995) . Moreover, this gating effect is strongly linked to permeation: the anomalous mole fraction effect on channel conductance (observed with mixtures of the permeant anions
is paralleled by an analogous effect on the midpoint of the voltage-dependent activation curve (Pusch et al. 1995) . This striking result reveals that gating and permeation in this channel are inextricably linked, and has been taken to mean-reasonably sothat the gating charge arises not from the movement of charged residues on the channel but from movement of the chloride ion itself through the transmembrane electric field. Similar conclusions have been made regarding the voltage-and chloride dependence of ClC-1 gating (Rychkov et al. 1998) .
PROTON DEPENDENCE OF FAST GATING
The ClC-0 fast gate is also activated by protons. Lowering the intracellular pH shifts the voltageactivation curves leftward (Hanke & Miller 1983 ). Thus, activation by intracellular protons is voltage dependent. Lowering the extracellular pH also activates, but does so through a different mechanism, increasing the minimal open probability at negative voltages (Chen & Chen 2001) . This process has very little voltage dependence. Glu ex is the obvious candidate as the site of protonation in fast-gate activation by the external protons. Until recently, however, the protonation site for activation by intracellular protons has been a total mystery.
Chloride permeation through the human muscle channel ClC-1 is also enhanced by lowering the intracellular or extracellular pH ( Rychkov et al. 1996) , though in this early study effects on fast gating were not distinguished from those on slow gating. (Recall: in ClC-1, the fast and slow gating processes have similar kinetics, and thus are more difficult to separate.) More recent studies examining the effect of intracellular pH have shown that both the gating processes are affected Tseng et al. 2007) , but in these studies the focus was on the common gating mechanism, and the effects on fast gating were not explicitly presented. In our analysis of ClC-1, we find that the intracellular pH dependence of fast gating is similar to that observed for ClC-0 (figure 3a-c). Although the extracellular pH dependence of fast gating in ClC-1 has not yet been studied, the overall similarity of the pH effects for ClC-1 and
E148 (Glu ex ) E203 (Glu in ) Figure 1 . The chloride and proton pathways in ClC-ec1. Bound chloride ions (green spheres) and key residues for proton transport (E148 and E203, also known as Glu ex and Glu in ) are depicted in a structural model of the ClC-ec1 dimer (pdb 1OTS). Although E203 is not conserved in the channel homologues, it is possible that the adjacent E202 could create a proton pathway. The figure was created using UCSF CHIMERA software. External pH was held at 7.5 while the internal pH was varied (5.5, black circles; 6.5, red triangles; 7.5, green squares; 8.5, yellow diamonds). (a,d ) The combined open probability, (b,d ) the slow-gate open probability and (c,e) the fast-gate open probability were determined as described by Bennetts et al. 2007 . The pipette and bath solutions were composed of (concentrations in mM) 110 NMDG, 110 HCl, 5 MgCl 2 , 1 EGTA, 10 HEPES, pH 7.50, adjusted by NaOH. The buffer compound was substituted by TRIS for pH 8.50 or MES for pH 6.50 and pH 5.50. Review. Proton-coupled gating in chloride channels J. Lísal & M. Maduke 183
ClC-0 suggests that the mechanism of the protopore gate activation in ClC-1 is the same as the mechanism of the fast-gate activation in ClC-0 and involves protonation of Glu ex .
PROTON TRANSPORT BY CLC CHANNELS?
Recently, two groups have independently proposed a new mechanism to account for the voltage-and proton dependence of fast gating (Miller 2006; Traverso et al. 2006) . In his insightful review, Miller (2006) has detailed how all of the previous studies can be grandly unified under the umbrella of a 'degraded transporter' model, in which ClC-0 retains the proton permeation pathway found in the antiporters. Movement of protons through this pathway, towards Glu ex from either side of the membrane, is coupled to fast gating. Thus, it has been proposed that the movement of protons, but not chloride, provides the gating charge. Traverso et al. (2006) has taken things a step further and provided experimental support for such a model. The key results involve a careful analysis of a mutant channel in which the Glu ex residue was mutated to an aspartate. This conservative mutation causes dramatically non-conservative changes in fast gating: specifically, the opening rate is greatly decreased, the closing rate increased and the open probability at physiological pH and voltages is correspondingly extremely low (!0.01). Despite these changes, however, the channel retains its characteristic response to intracellular pH, the main difference between mutant and wild type being a shift in the position of the voltageactivation curves as a function of pH.
Traverso et al. has taken advantage of this difference to then re-evaluate the model for pH-dependent gating that has stood for over 20 years. In the original model, although the overall proton activation is voltage dependent, the protonation step itself is voltage independent, and the voltage dependence arises from a channel-opening step subsequent to protonation (Hanke & Miller 1983) . Importantly, this model requires that a proton-sensitive residue changes its pK from 6 to 9 upon channel opening. Traverso et al. found that application of the same model to the E166D mutant requires the residue to change its pK from 5 to 12-a change of seven orders of magnitude, which seems unlikely. This prompted them to propose an alternative model, in which protonation of the channel from the intracellular side is voltage dependent. They showed that the data for both wild-type and mutant channels fit well to this new model.
Overall, these two proposals have the same basic conclusion: Glu ex can be protonated from the intracellular side, and it is this protonation step that gives rise to the channel's voltage dependence. Since Glu ex can also be protonated from the extracellular side (Dutzler et al. 2003) , this leads to the striking prediction that protons might be transported via the Glu ex all the way across the membrane. The rate of the proton transport would be on the same time scale as ClC-0 fast gating (approx. 100 H C s K1 ), measurable in theory, but has not been detected by direct measurements thus far (Picollo & Pusch 2005 ).
CHLORIDE AND PROTON ACTIVATION OF SLOW GATING
As with fast-gating, ClC-0 slow gating too is modulated by voltage, chloride and protons (Hanke & Miller 1983; Chen & Miller 1996; Pusch et al. 1997) . Although the mechanistic details of these effects have not yet been studied in depth, the very presence of such modulation strongly suggests that the conformational change involved in slow gating is related to the conformational changes involved in H C /Cl K exchange by ClC-0's antiporter cousins.
A major insight into antiporter-like behaviour is found, ironically, in single-channel recordings. In such recordings, ClC-0 displays an unusual non-equilibrium gating, seen in the combined behaviour of the fast and slow gates. These gating events are not at equilibrium but rather 'cycle' through conformational states in a fixed direction (Richard & Miller 1990 ). Specifically, ClC-0 enters the slow-gate closed state predominantly from a state in which only one of the two fast gates is open (conductance level 1, figure 2) and returns from the slow-gate closed state to a state in which both of the fast gates are open (conductance level 2, figure 2).
Since maintenance of such a non-equilibrium gating asymmetry requires a source of energy, and since there were scant obvious sources in the minimal recording system, it was proposed that the energy originates from the transport of chloride down its electrochemical gradient (Richard & Miller 1990 ). This coupling of permeant-ion movement to conformational changes is a hallmark of antiporter behaviour.
In light of the recent suggestions of proton transport in ClC-0 (see above), it is worth re-evaluating the assumption that the chloride ion is the culprit in this ClC-0's non-equilibrium slow gating. Indeed, if protons are transported by ClC-0, they could provide the source of energy that keeps ClC-0 gating away from equilibrium. Strikingly, the original study hints that this might be the case. Richard and Miller found that while varying the transmembrane voltage caused predictable changes in the gating asymmetry, varying the chloride gradient had no effect. This suggests that the effect of the voltage may be due to the proton and not the chloride electrochemical gradient. To test this hypothesis, we measured gating asymmetry at various proton gradients. Our data are quantitatively consistent with a model in which protons but not chloride ions are transported to power the non-equilibrium gating (Lisal & Maduke 2008) . These results provide direct confirmation that ClC-0 gating involves transmembrane proton movement.
POTENTIAL PROTON PATHWAYS IN CLC CHANNELS
The finding that CLC chloride channels transport protons raises the question: where is the proton pathway?
One straightforward hypothesis is that there is a proton translocation pathway in ClC-0 which has a trajectory similar to that proposed for the Cl K /H C antiporter ClC-ec1. As discussed above, two glutamate residues-E148 (Glu ex ) at the extracellular side and E203 (Glu in ) at the intracellular side-define the proton pathway in ClC-ec1 (Accardi et al. 2005 ; figure 1 ). These two residues are also important for proton permeation in the mammalian CLC antiporters (Zdebik et al. 2007) . Supporting this hypothesis is the evidence, already discussed, pointing towards the role of Glu ex in CLC channel gating and proton permeation. Arguing against this hypothesis is the fact that the Glu in residue is not conserved in the channels but is a hydrophobic valine that cannot participate in proton transport. However, there is another glutamate adjacent to Glu in (E202 in figure 1 ) that is conserved in the mammalian CLCs and which could possibly substitute as a titratable residue along the proton permeation pathway. Indeed, malleability of proton pathways has been observed with other proton-transport proteins including cytochrome c oxidase ( Namslauer et al. 2007 ) and bacteriorhodopsin (Sonar et al. 1994) .
We examined the effect of mutations at the position adjacent to Glu in in the CLC channels. Because we did not detect any current upon mutation at this residue in ClC-0, we performed these experiments with ClC-1 (at position E291). Wild-type (WT) ClC-1 exhibits strong dependence of open probability on the intracellular pH ( figure 3a-c) . When the glutamate was replaced by aspartate (a residue with similar pKa), the strong pH dependence was preserved; however, the open-probability plots were shifted to higher voltages by approximately 40 mV ( figure 3d-f ) . When the glutamate was replaced by the non-protonatable residue glutamine, the channel open probability was greatly reduced at all voltages and pHs (figure 4). These results are consistent with the E291 position being on the proton pathway. In E291D protons must overcome a higher energy barrier in order to be transported from the aspartate residue to another protonatable residue further up the pathway, and therefore higher voltage is required to achieve the same open probability. For the charge-neutralized E291Q mutant, the protons must 'squeeze' around the glutamine (presumably via water molecules), and thus the proton transport and the interrelated open probability are greatly reduced.
Although mutagenesis experiments cannot definitively identify a proton pathway, our results are exactly as expected for a residue that participates in proton transport: mutation to a protonatable residue shifts proton-and voltage-dependent gating, while mutation to a non-protonatable residue essentially abolishes this gating (making it exceedingly unfavourable). Over the past two decades, ClC-1 and ClC-0 have been extensively mutated-nearly all of the predicted protonatable residues in the transmembrane region have been mutated-yet no other residue exhibits this predicted phenotype (Pusch et al. 1995; Ludewig et al. 1997; Kurz et al. 1999; Fahlke et al. 2001; Engh & Maduke 2005; Zhang et al. 2006) . Therefore, our results are in agreement with the hypothesis that this conserved glutamate is a part of the proton pathway in the CLC channels.
An alternative hypothesis is that proton translocation to Glu ex requires no additional titratable residue. Indeed, a continuous chain of water is all that is required to form a proton pathway (Decoursey 2003) . Such a pathway could possibly exist anywhere in the protein. One obvious potential pathway is coincident with the chloride permeation pathway. There is clearly room for water to access this pathway; indeed, even large thiol-reactive compounds can reach up to position Y512 in ClC-0, the residue that provides coordination of the central chloride ion (Lin & Chen 2003; Engh & Maduke 2005) . Moreover, proton movement appears to require chloride in the permeation pathway. At very low extracellular chloride, ClC-0-channel opening no longer occurs through the normal voltage-dependent process, but rather the channel opens via a second, nearly voltage-independent process (Chen & Miller 1996) . Assuming (as discussed above) that the protons provide the gating charge, this indicates that the presence of chloride in the pore (or bound to an extracellular site) is required for maintenance of the proton permeation pathway. This interdependency implies that the proton and chloride translocation pathways may indeed be coincident.
SUMMARY AND CONCLUSIONS
The CLC family is composed of both ion channels and secondary active transporters. At the level of bulk transport, the ion channels display only passive diffusion of chloride. However, in the process of gating, the channels also move protons across the membrane. In an average channel opening event, one proton is translocated, followed by roughly 10 5 chloride ions (considering a 30 ms open time for an 8 pS channel at K100 mV ). Therefore, the channels can be considered to be 'broken' chloride-proton antiporters; they still couple the movement of chloride with that of protons, but their (no longer fixed) H C : Cl K stoichiometry falls far short of the obligate 1 : 2 stoichiometry seen in the antiporters. This 'broken transporter' model for the channels helps to explain how these two ostensibly different types of membrane proteins arose from a structurally similar foundation and implies an underlying mechanistic unity in the CLC family, despite the apparent incompatibilities between channel and transporter mechanisms.
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